Here, we report the thickness effect of top channel layers (CLs) on the performance of near infrared (NIR)-detecting organic phototransistors (OPTRs) with conjugated polymer gate-sensing layers (GSLs). Poly(3-hexylthiophene) (P3HT) was employed as a top CL, while poly[{2,5-bis-(2octyldodecyl)-3,6-bis-(thien-2-yl)-pyrrolo[3,4-c]pyrrole-1,4-diyl}-co-{2,2 -(2,1,3-benzothiadiazole)-5,5 -diyl}] (PODTPPD-BT) was used as a GSL. The thickness of P3HT CLs was varied from 10 to 70 nm. Three different wavelengths of NIR light (λ = 780, 905, and 1000 nm) were introduced and their light intensity was fixed to 0.27 mW cm −2 . Results showed that all fabricated devices exhibited typical p-channel transistor behaviors and the highest drain current in the dark was obtained at the P3HT thickness (t) of 50 nm. The NIR illumination test revealed that the NIR photoresponsivity (R C ) of GSL-OPTRs could be achieved at t = 50 nm irrespective of the NIR wavelength. The maximum R C of the optimized devices (t = 50 nm) reached ca. 61% at λ = 780 nm and ca. 47% at λ = 1000 nm compared to the theoretical maximum photoresponsivity.
Introduction
For the last two decades, near infrared (NIR) light has been extensively employed for various applications, including optical communications, night vision devices, light detection and ranging (LIDAR) systems, bioimaging devices, etc. [1] [2] [3] [4] [5] [6] . To date, both NIR light sources and detectors are fabricated with inorganic materials (semiconductors), for example, cadmium telluride (CdTe) and gallium arsenide (GaAs) for thermographic cameras [7] [8] [9] [10] . Considering recent paradigm shifts toward flexible and wearable electronics with nanoscale components, the NIR sources and detectors need further advances to have flexibility as well as soft characteristics [11] [12] [13] [14] .
On this account, organic photodetectors with organic sensing layers have been recently spotlighted because organic materials can bestow better softness and flexibility than inorganic materials [15] [16] [17] . In particular, organic phototransistors (OPTRs), which are based on organic field-effect transistors (OFETs), have attracted keen interest due to their capability of signal amplification by three-electrode structures, leading to maximizing sensitivity [18] [19] [20] [21] [22] [23] . Organic channel layers in most organic phototransistors
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Materials and Solutions
The P3HT polymer (weight-average molecular weight = 51 kDa, PDI = 1.7, regioregularity >96%) was received from Rieke Metals (Lincoln, USA). The PODTPPD-BT polymer (weight average molecular weight = 8.7 kDa) was synthesized with the same method described in our previous work [32] . The PMMA polymer (weight-average molecular weight = 120 kDa) was purchased from Sigma-Aldrich (USA). Solvents, such as o-dichlorobenzene (o-DCB), n-butyl acetate (NBA), and toluene, were purchased from Sigma-Aldrich (USA). The P3HT solutions were prepared using toluene as a solvent at various solid concentrations (4, 8, 12 , and 15 mg mL −1 ). The PODTPPD-BT solutions were prepared using o-DCB solvent at a solid concentration of 30 mg mL −1 . The PMMA solutions were prepared using NBA as a solvent at a solid concentration of 90 mg mL −1 . The P3HT and PMMA solutions were subjected to stirring on a hot plate at 60 • C for 24 h, while the PODTPPD-BT solutions were vigorously stirred at 80 • C for 3 days prior to spin-coating processes.
Device and Film Fabrication
OFETs with a bottom-gate-top-source/drain geometry were fabricated using glass substrates coated with indium-tin oxide (ITO) electrode (1 mm × 12 mm, 10-20 Ωcm −2 ), which were patterned through photolithography and etching processes. The patterned ITO-glass substrates were washed and cleaned using acetone and isopropyl alcohol for 15 min by employing an ultrasonic bath. The wet-cleaned ITO-glass substrates were subjected to dry cleaning using a UV-ozone cleaner (ca. 50 mW cm −2 at 1-inch distance from the lamp, model AC-6, AHTECH LTS Co., Ltd.). The PODTPPD-BT layers (thickness = 100 nm) were formed on the cleaned ITO-glass substrates by spin-coating, followed by soft-baking at 80 • C for 30 min. Next, the PMMA layers (thickness = 550 nm) were spin-coated on top of the PODTPPD-BT layers at 1500 rpm for 60 s and soft-baked at 80 • C for 30 min. These polymer layer-coated samples were transferred to a vacuum chamber, which was built in a glove box system filled with argon. At a base vacuum pressure of ca. 1.0 × 10 −6 Torr, the source and drain electrodes were deposited on the PMMA layers through a shadow mask by thermal evaporation of silver (Ag, 40~50 nm). Finally, the P3HT layers were spin-coated on the Ag-deposited samples at 1500 rpm for 60 s, followed by soft-baking at 60 • C for 15 min. The thickness of the top P3HT channel layers was controlled by varying the solution concentrations (t = 10, 30, 50, and 70 nm). The film samples for optical characterization were prepared using both ITO-glass and quartz substrates by employing the same condition as used for the device fabrication. All devices and film samples were safely stored inside the same argon-filled glove box system to avoid possible damages owing to moisture and oxygen.
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Measurements
The thickness of polymer films and electrodes was measured using a surface profilometer (Dektak XT, Bruker). The channel area of OFETs was examined by using an optical microscope (SV-55, Sometech, Korea), while the cross-sectional structure of devices was measured using a field emission-scanning electron microscope (FE-SEM, Hitachi HS-4800). The optical absorption spectra of for the cross-section of device (note that some big spots were made during breaking the devices at room temperature). (c) Optical microscope images from the top part of devices according to the P3HT thickness. (d) Thickness profile data for the P3HT channel layers that were scribed for measurements (center parts) after film coating processes.
The thickness of polymer films and electrodes was measured using a surface profilometer (Dektak XT, Bruker). The channel area of OFETs was examined by using an optical microscope (SV-55, Sometech, Korea), while the cross-sectional structure of devices was measured using a field emission-scanning electron microscope (FE-SEM, Hitachi HS-4800). The optical absorption spectra of film samples were measured using a UV-visible-NIR spectrophotometer (Lambda 750, Perkin Elmer). The transistor performances were measured using a semiconductor parameter analyzer (Model 2636B and 4200SCS, Keithley). For the measurement of phototransistor characteristics, the channel area of devices was illuminated with a monochromatic light (λ = 780, 905, and 1000 nm) that was passed through a monochromator (CM110, Spectral Products) from a white light generated by a tungsten-halogen lamp (150 W, ASBN-W, Spectral Products). The incident light intensity of monochromatic light was controlled to be 0.27 mW cm −2 , which was measured using a calibrated Si-photodiode (818-UV, Newport, USA).
Results and Discussion
As shown in Figure 1a , the PODTPPD-BT layers are directly contacting the ITO gate electrode and the PMMA layers face the P3HT layers in between the source and drain electrodes. Upon applying gate voltage (V G ), it is considered that the quality of PODTPPD-BT/PMMA bilayers can actually affect the leakage current of devices. The FE-SEM examination disclosed that the PODTPPD-BT/PMMA bilayers were successfully formed and the Ag electrodes were deposited without damage to the bilayers (see Figure 1b ). Note that the PODTPPD-BT layers were not affected upon spin-coating of the PMMA layers because the PODTPPD-BT polymer is insoluble in the n-butyl acetate used as a solvent for the PMMA polymer. As observed in Figure 1c , the optical microscope images support that the PODTPPD-BT/PMMA/Ag structures were well maintained upon spin-coating of the P3HT channel layers with various thicknesses (see color changes with the thickness of P3HT layers).
As displayed in Figure 2 , the P3HT layers (films) exhibited a graded tint owing to their varied thicknesses even though the spectral shapes of the main optical absorption were similar in the presence of slightly changed intensity ratios among the three major peaks at 528, 556, and 604 nm. Here, it is noted that the NIR light intensity incident to the PODTPPD-BT layer is the same for all devices because the NIR light illuminates to the ITO-glass side of devices (see Figure 1a ). In addition, the NIR light (780, 905, and 1000 nm) is assumed not to be absorbed by the P3HT layers so that the varied P3HT thickness cannot influence the net photocurrent by the NIR light. However, it is considered that the actual channel current of OFETs upon NIR illumination may be affected by the varied P3HT thickness, which is closely related with the overall field-effect generation of hole charges in the dark as well as upon illumination, when it comes to the role of P3HT channel thickness in Figure 1a (see the detailed discussion with transistor data below) [33] [34] [35] . film samples were measured using a UV-visible-NIR spectrophotometer (Lambda 750, Perkin Elmer). The transistor performances were measured using a semiconductor parameter analyzer (Model 2636B and 4200SCS, Keithley). For the measurement of phototransistor characteristics, the channel area of devices was illuminated with a monochromatic light (λ = 780, 905, and 1000 nm) that was passed through a monochromator (CM110, Spectral Products) from a white light generated by a tungsten-halogen lamp (150 W, ASBN-W, Spectral Products). The incident light intensity of monochromatic light was controlled to be 0.27 mW cm −2 , which was measured using a calibrated Siphotodiode (818-UV, Newport, USA).
As shown in Figure 1a , the PODTPPD-BT layers are directly contacting the ITO gate electrode and the PMMA layers face the P3HT layers in between the source and drain electrodes. Upon applying gate voltage (VG), it is considered that the quality of PODTPPD-BT/PMMA bilayers can actually affect the leakage current of devices. The FE-SEM examination disclosed that the PODTPPD-BT/PMMA bilayers were successfully formed and the Ag electrodes were deposited without damage to the bilayers (see Figure 1b ). Note that the PODTPPD-BT layers were not affected upon spin-coating of the PMMA layers because the PODTPPD-BT polymer is insoluble in the n-butyl acetate used as a solvent for the PMMA polymer. As observed in Figure 1c , the optical microscope images support that the PODTPPD-BT/PMMA/Ag structures were well maintained upon spin-coating of the P3HT channel layers with various thicknesses (see color changes with the thickness of P3HT layers).
As displayed in Figure 2 , the P3HT layers (films) exhibited a graded tint owing to their varied thicknesses even though the spectral shapes of the main optical absorption were similar in the presence of slightly changed intensity ratios among the three major peaks at 528, 556, and 604 nm. Here, it is noted that the NIR light intensity incident to the PODTPPD-BT layer is the same for all devices because the NIR light illuminates to the ITO-glass side of devices (see Figure 1a ). In addition, the NIR light (780, 905, and 1000 nm) is assumed not to be absorbed by the P3HT layers so that the varied P3HT thickness cannot influence the net photocurrent by the NIR light. However, it is considered that the actual channel current of OFETs upon NIR illumination may be affected by the varied P3HT thickness, which is closely related with the overall field-effect generation of hole charges in the dark as well as upon illumination, when it comes to the role of P3HT channel thickness in Figure 1a (see the detailed discussion with transistor data below) [33] [34] [35] . The basic performance of OFETs was first examined according to the P3HT thickness. As shown in Figure 3a , the output curves indicate that the present OFETs are typical p-channel transistors with a clear drain current (ID) increase (negatively) upon increasing the gate voltage (VG) and drain voltage (VD) negatively. As the P3HT thickness (t) increased, the drain current at a fixed gate and drain The basic performance of OFETs was first examined according to the P3HT thickness. As shown in Figure 3a , the output curves indicate that the present OFETs are typical p-channel transistors with a clear drain current (I D ) increase (negatively) upon increasing the gate voltage (V G ) and drain voltage (V D ) negatively. As the P3HT thickness (t) increased, the drain current at a fixed gate and drain voltages was gradually increased up to t = 50 nm, but it was turned down by further increasing the P3HT thickness. As shown in Figure 3b , the transfer curves show that the drain current was negatively increased as the gate voltage increased negatively at a fixed drain voltage, which is in accordance with the output curves. In addition, a similar drain current trend with respect to the P3HT thickness was observed for both the output and transfer curves. This result supports that 50 nm may be an optimum P3HT thickness for maximizing the channel current in the present OFETs. The reason can be basically attributed to the thickness of the Ag source/drain electrodes (ca. 40~50 nm thick) because the extra part of the thick (t = 70 nm) P3HT layers might not act as an effective channel and the thin (t = 10 nm) P3HT layers could not deliver a sufficient volume for charge transport between the source and drain electrodes [36, 37] . The relatively lower performance of the OFETs with the 70 nm-thick P3HT layers, compared to those with the 50 nm-thick P3HT layers, can be attributable to the different solution concentrations, leading to dissimilar Ag-P3HT interfaces and P3HT crystallizations. A close look into the transfer curves finds that the off-current level of devices became slightly higher at the thicker P3HT layers (t = 30~70 nm), compared to the devices with the 10 nm-thick P3HT layers, leading to the relatively low on/off ratios (59.6~274). voltages was gradually increased up to t = 50 nm, but it was turned down by further increasing the P3HT thickness. As shown in Figure 3b , the transfer curves show that the drain current was negatively increased as the gate voltage increased negatively at a fixed drain voltage, which is in accordance with the output curves. In addition, a similar drain current trend with respect to the P3HT thickness was observed for both the output and transfer curves. This result supports that 50 nm may be an optimum P3HT thickness for maximizing the channel current in the present OFETs. The reason can be basically attributed to the thickness of the Ag source/drain electrodes (ca. 40~50 nm thick) because the extra part of the thick (t = 70 nm) P3HT layers might not act as an effective channel and the thin (t = 10 nm) P3HT layers could not deliver a sufficient volume for charge transport between the source and drain electrodes [36, 37] . The relatively lower performance of the OFETs with the 70 nm-thick P3HT layers, compared to those with the 50 nm-thick P3HT layers, can be attributable to the different solution concentrations, leading to dissimilar Ag-P3HT interfaces and P3HT crystallizations. A close look into the transfer curves finds that the off-current level of devices became slightly higher at the thicker P3HT layers (t = 30~70 nm), compared to the devices with the 10 nmthick P3HT layers, leading to the relatively low on/off ratios (59.6~274). Next, the photoresponses of OFETs were measured under illumination with the three NIR light (780, 905, and 1000 nm). Note that the incident light intensity (PIN) of NIR light was adjusted to 0.27 mW cm −2 for the three wavelengths. As observed from the output curves in Figure 4 , the drain current of all OFETs was increased upon illumination with the NIR light (λ = 780 nm) compared to the dark conditions. The maximum drain current under the NIR light illumination (λ = 780 nm) was measured at t = 50 nm, which simply indicates that overall, the photocurrent is dependent on the drain current in the dark. This trend was almost similar for the other two NIR lights (λ = 905 nm and 1000 nm). It is noted that the photocurrent level (under illumination) at VG = −10 V was lower than the drain current (in the dark) at VG = −30 V for all cases. Next, the photoresponses of OFETs were measured under illumination with the three NIR light (780, 905, and 1000 nm). Note that the incident light intensity (P IN ) of NIR light was adjusted to 0.27 mW cm −2 for the three wavelengths. As observed from the output curves in Figure 4 , the drain current of all OFETs was increased upon illumination with the NIR light (λ = 780 nm) compared to the dark conditions. The maximum drain current under the NIR light illumination (λ = 780 nm) was measured at t = 50 nm, which simply indicates that overall, the photocurrent is dependent on the drain current in the dark. This trend was almost similar for the other two NIR lights (λ = 905 nm and 1000 nm). It is noted that the photocurrent level (under illumination) at V G = −10 V was lower than the drain current (in the dark) at V G = −30 V for all cases. As shown in Figure 5 , the transfer curves were noticeably changed upon illumination with the NIR light irrespective of the NIR wavelength. The drain current was increased under illumination with the NIR light for all cases, while the highest photocurrent was measured at t = 50 nm for all the three different wavelengths. Similar to the output curves, the photocurrent level at VD = −10 V and VG = −30 V was always lower than the drain current (in the dark) at VD = −30 V and VG = −30 V. This may reflect that the population of photogenerated charges in the PODTPPD-BT layer (GSL) at VD = −10 V is lower than that of field-effect charges in the P3HT channel layer at VD = −30 V. Particular attention is paid to the pronounced drain current increase in the off-current region by the NIR illumination, which can be attributed to the influence of photogenerated charges in the PODTPPD-BT layers [32] . As a consequence, the threshold voltage (VTH) of devices was shifted upon illumination (see green horizontal arrows in Figure 5 ). Note that the exact threshold voltage values can be obtained by the extrapolation (linear fitting) of ID 0.5 -VG curves (the voltage at the zero point of ID 0.5 ) [38, 39] .
The detailed shift of the threshold voltage between VTH, light and VTH, dark (△VTH) is plotted as a function of the P3HT thickness in Figure 6a . The highest threshold voltage shift was measured at t = 50 nm irrespective of the NIR wavelength, whereas the lowest threshold voltage shift was obtained at t = 10 nm. Interestingly, the NIR light with the shortest wavelength (λ = 780 nm) among the present three cases delivered the highest threshold voltage shift at t = 50 nm (note that a similar trend was measured at other thicknesses). This result cannot be explained only by the optical density in Figure  2 (OD = 0.28 at 780 nm, 0.30 at 905 nm, and 0.16 at 1000 nm) but can be attributable to various factors, including wavelength-dependent exciton generation efficiency (or charge separation efficiency) in the GSL and current combinations between source-gate and source-drain electrodes [32, [40] [41] [42] . As As shown in Figure 5 , the transfer curves were noticeably changed upon illumination with the NIR light irrespective of the NIR wavelength. The drain current was increased under illumination with the NIR light for all cases, while the highest photocurrent was measured at t = 50 nm for all the three different wavelengths. Similar to the output curves, the photocurrent level at V D = −10 V and V G = −30 V was always lower than the drain current (in the dark) at V D = −30 V and V G = −30 V. This may reflect that the population of photogenerated charges in the PODTPPD-BT layer (GSL) at V D = −10 V is lower than that of field-effect charges in the P3HT channel layer at V D = −30 V. Particular attention is paid to the pronounced drain current increase in the off-current region by the NIR illumination, which can be attributed to the influence of photogenerated charges in the PODTPPD-BT layers [32] . As a consequence, the threshold voltage (V TH ) of devices was shifted upon illumination (see green horizontal arrows in Figure 5 ). Note that the exact threshold voltage values can be obtained by the extrapolation (linear fitting) of I D 0.5 -V G curves (the voltage at the zero point of I D 0.5 ) [38, 39] .
The detailed shift of the threshold voltage between V TH, light and V TH, dark (∆V TH ) is plotted as a function of the P3HT thickness in Figure 6a . The highest threshold voltage shift was measured at t = 50 nm irrespective of the NIR wavelength, whereas the lowest threshold voltage shift was obtained at t = 10 nm. Interestingly, the NIR light with the shortest wavelength (λ = 780 nm) among the present Electronics 2019, 8, 1493 7 of 11 three cases delivered the highest threshold voltage shift at t = 50 nm (note that a similar trend was measured at other thicknesses). This result cannot be explained only by the optical density in Figure 2 (OD = 0.28 at 780 nm, 0.30 at 905 nm, and 0.16 at 1000 nm) but can be attributable to various factors, including wavelength-dependent exciton generation efficiency (or charge separation efficiency) in the GSL and current combinations between source-gate and source-drain electrodes [32, [40] [41] [42] . As shown in Figure 6b , the trend of the net photocurrent follows that of the dark drain current (see Figure 3 ) and the highest net photocurrent was achieved at t = 50 nm. In addition, the highest net photocurrent at a fixed P3HT thickness was obtained at 905 nm, which can be partly attributed to the highest optical density at this NIR wavelength but further correlated with wavelength-dependent quantum efficiency (theoretical maximum photoresponsivity discussed below) [43] .
Electronics 2019, 8, 1493 7 of 11 Figure 3 ) and the highest net photocurrent was achieved at t = 50 nm. In addition, the highest net photocurrent at a fixed P3HT thickness was obtained at 905 nm, which can be partly attributed to the highest optical density at this NIR wavelength but further correlated with wavelength-dependent quantum efficiency (theoretical maximum photoresponsivity discussed below) [43] . As shown in Figure 7a , the photoresponsivity (R C ), which corresponds to the ratio of net photocurrent (I P = I light -I dark ) to the incident light intensity (P IN = 0.27 mW cm −2 ), exhibited a gradual increase up to t = 50 nm and then it was slightly decreased at t = 70 nm. This trend was identical for the three NIR wavelengths. In particular, the maximum photoresponsivity at t = 50 nm is in good agreement with the threshold voltage shift (see Figure 6a ). This result supports that the highest photoresponsivity can be achieved by maximizing the device performance (dark drain current) of organic phototransistors with a top channel layer. Here, it is noted that the NIR light at 905 nm resulted in the highest R C at a fixed P3HT thickness, which can be ascribed basically to the highest optical density at 905 nm but needs further consideration including the wavelength-dependent net photocurrent as discussed in Figure 6 . Considering the different theoretical maximum photoresponsivity (R t ) with each wavelength (632 mA/W at 780 nm, 734 mA/W at 905 nm, and 810 mA/W at 1000 nm), which is only dependent on the NIR wavelength without any influence of materials, the ratio of R C to R t was examined in order to clearly investigate the actual photoresponse efficiency [44] . As displayed in Figure 7b , the thickness-dependent trend was unchanged, but the ratio (R C /R t ) at a fixed thickness delivered the highest value at the shortest NIR wavelength (780 nm). The actual photoresponsivity of devices (t = 50 nm) reached ca. 61% of theoretical photoresponsivity at λ = 780 nm, and reached ca. 47% of theoretical photoresponsivity at λ = 1000 nm. The detailed parameters are summarized in Table 1 . As shown in Figure 7a , the photoresponsivity (RC), which corresponds to the ratio of net photocurrent (IP = Ilight -Idark) to the incident light intensity (PIN = 0.27 mW cm −2 ), exhibited a gradual increase up to t = 50 nm and then it was slightly decreased at t = 70 nm. This trend was identical for the three NIR wavelengths. In particular, the maximum photoresponsivity at t = 50 nm is in good agreement with the threshold voltage shift (see Figure 6a ). This result supports that the highest photoresponsivity can be achieved by maximizing the device performance (dark drain current) of organic phototransistors with a top channel layer. Here, it is noted that the NIR light at 905 nm resulted in the highest RC at a fixed P3HT thickness, which can be ascribed basically to the highest optical density at 905 nm but needs further consideration including the wavelength-dependent net photocurrent as discussed in Figure 6 . Considering the different theoretical maximum photoresponsivity (Rt) with each wavelength (632 mA/W at 780 nm, 734 mA/W at 905 nm, and 810 mA/W at 1000 nm), which is only dependent on the NIR wavelength without any influence of materials, the ratio of RC to Rt was examined in order to clearly investigate the actual photoresponse efficiency [44] . As displayed in Figure 7b , the thickness-dependent trend was unchanged, but the ratio (RC/Rt) at a fixed thickness delivered the highest value at the shortest NIR wavelength (780 nm). The actual photoresponsivity of devices (t = 50 nm) reached ca. 61% of theoretical photoresponsivity at λ = 780 nm, and reached ca. 47% of theoretical photoresponsivity at λ = 1000 nm. The detailed parameters are summarized in Table 1 . 
Conclusions
The top P3HT channel layers were applied for the fabrication of GSL-OPTRs, which consist of Ag source/drain electrodes deposited on the PMMA/PODTPPD-BT layers. The P3HT thickness was varied from 10 to 70 nm in order to investigate its effect on the performance of GSL-OPTRs. The fabricated devices exhibited typical p-channel transistor behaviors in the presence of drain current saturation at a low gate voltage range (output characteristics). The highest drain current in the dark was measured at the P3HT thickness of 50 nm while the lowest one was obtained at 10 nm. The drain current was noticeably increased upon illumination with the NIR light irrespective of the wavelength and P3HT thickness, supporting the proper operation of GSL-OPTRs by the presence of PODTPPD-BT GSL even though the P3HT layers cannot absorb any NIR light. The transfer curves were pronouncedly shifted by the illumination of NIR light in the presence of a similarly increased drain current. The highest net photocurrent was achieved at t = 50 nm while the largest threshold voltage shift was also measured at the same P3HT thickness. As a result, the highest photoresponsivity (R C ) among the present devices was achieved at t = 50 nm irrespective of the NIR wavelength. The present GSL-OPTRs with the 50 nm-thick P3HT top channel layers could reach ca. 61% photoresponsivity compared to theoretical maximum photoresponsivity at the NIR wavelength of 780 nm.
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